Many oncology drugs are administered at their maximally tolerated dose without the knowledge of their optimal efficacious dose range. In this study, we describe a multifaceted approach that integrated preclinical and clinical data to identify the optimal dose for an antiangiogenesis agent, anti-EGFL7. EGFL7 is an extracellular matrix-associated protein expressed in activated endothelium. Recombinant EGFL7 protein supported EC adhesion and protected ECs from stress-induced apoptosis. Anti-EGFL7 antibodies inhibited both of these key processes and augmented anti-VEGF-mediated vascular damage in various murine tumor models. In a genetically engineered mouse model of advanced non-small cell lung cancer, we found that anti-EGFL7 enhanced both the progression-free and overall survival benefits derived from anti-VEGF therapy in a dose-dependent manner. In addition, we identified a circulating progenitor cell type that was regulated by EGFL7 and evaluated the response of these cells to anti-EGFL7 treatment in both tumor-bearing mice and cancer patients from a phase I clinical trial. Importantly, these preclinical efficacy and clinical biomarker results enabled rational selection of the anti-EGFL7 dose currently being tested in phase II clinical trials.
Introduction
Antiangiogenesis (AA) is an important and effective therapeutic modality in the treatment of multiple solid tumors. The most broadly used AA agent is Avastin (hereafter referred to as bevacizumab), a monoclonal antibody that blocks the activity of VEGF (1) . Although VEGF has many cellular functions, its EC survival activity is believed to be the major factor contributing to anti-VEGF-mediated efficacy (2) , as vascular loss is a prominent feature found in tumors that have been deprived of VEGF signaling (3) (4) (5) (6) . To augment the activity of anti-VEGF, we searched for factors that provide survival support to ECs, particularly under nutrient-and oxygen-deprived conditions, as these stresses mimic key microenvironmental features following VEGF inhibition. We identified an ECM-associated protein, epidermal growth factor-like 7 (EGFL7), which meets these criteria.
EGFL7 is a secreted protein produced by nascent tumor blood vessels as well as vessels in other proliferating tissues, but it is absent or expressed at low levels in healthy quiescent vessels as well as many nonvascular cell types (7) (8) (9) (10) (11) . Upon secretion, EGFL7 becomes tightly associated with the perivascular extracellular matrix and supports EC adhesion and migration (10, 12) . In addition, EGFL7 protects ECs from hyperoxic stress-induced apoptosis (13) . Furthermore, the loss or gain of Egfl7 expression results in aberrant vascular development (10, 14) .
In this study, we demonstrate that recombinant EGFL7 protein protects ECs under multiple stress conditions. Antibodies against anti-EGFL7 block the adhesive and prosurvival activities of EGFL7 in vitro. In addition, we show that in vivo administration of anti-EGFL7 antibodies enhanced both the AA activity and survival benefits resulting from VEGF blockade in human xenograft tumor models as well as genetically engineered mouse models (GEMMs) of cancer (15) .
Recently, new clinical evidence demonstrated that prolonged administration of bevacizumab alone provided substantially greater progression-free survival (PFS) benefit relative to shortterm use of bevacizumab in combination with chemotherapy (16) , highlighting the importance of sustained inhibition of tumor angiogenesis. Given the potential of long-term use of antiangiogenic agents in the clinic, it is desirable to identify biologically active doses that are well tolerated. These considerations emphasize the need for optimization of clinical dose and duration of treatment for AA agents. Historically, dose selection for drugs in oncology has relied on identification of a maximum tolerated dose (MTD) or economically feasible dose (17) . Monoclonal antibodies are targeted therapies with specific mechanisms of action and are generally better tolerated than cytotoxic agents; therefore many targeted agents have relatively broad therapeutic windows. Thus, identification of a biologically active dose becomes an important factor for the clinical development of drug candidates. Incorporation of biomarkers with adequate preclinical justification for evaluation in clinical trials is now increasingly being used to allow for rational dose selection in larger efficacy studies. We identified a population of circulating progenitor cells (CPCs) to serve as a pharmacodynamic (PD) marker for interrogating the in vivo activities of anti-EGFL7 in mice and humans. By evaluating the antitumor activity in GEMMs and PD biomarkers in phase I patients, we selected an efficacious dose of anti-EGFL7 that is below the MTD for further clinical evaluation. Our study suggests that anti-EGFL7 could be an efficacious therapeutic agent for the treatment of solid cancers, and we demonstrate the power of integrating preclinical and clinical studies to inform dose selection in later-stage clinical trials.
Results

EGFL7 plays an important prosurvival role for ECs under stress.
Systemic inhibition of VEGF activity prunes back the tumor vasculature, resulting in a tumor microenvironment low in vital nutrients and oxygen. We hypothesized that targeting mechanisms that protect ECs from stress-induced cell death could augment the activity and efficacy achieved with anti-VEGF. To test this hypothesis, we conducted a small-scale screen for factors that provide survival support to primary HUVECs under nutrient-or oxygen-deprivation stresses. We evaluated a number of secreted factors, including ECM proteins, and found that recombinant EGFL7 protein played a marked role in protecting ECs from stress-induced death. Using cleaved caspases 3 and 7 as indicators of apoptosis, we found that EGFL7-coated plates significantly enhanced the survival of HUVECs exposed to low oxygen, hypoxic mimics, or low nutrients compared with cells grown on several other ECM substrates or artificially treated surfaces ( Figure 1 , A-F, and data not shown). The activity of these hypoxic mimetics was confirmed by their ability to increase HIF1α protein (Supplemental Figure  1A ; supplemental material available online with this article; doi:10.1172/JCI67892DS1) and the downstream expression of classical HIF1α target genes (Supplemental Figure 1B) . Interestingly, under nutrient rich and normoxic conditions, EGFL7 did not always recognizably differ from other ECM substrates, indicating that the prosurvival activity of EGFL7 is more prominent under conditions of stress.
The in vitro activity of EGFL7 reported above led us to hypothesize that blocking EGFL7 function could enhance the ability of anti-VEGF to damage tumor vessels, thereby increasing the antitumor efficacy achieved with anti-VEGF. To test this hypothesis, we developed a panel of anti-EGFL7 antibodies as previously reported (10) . To identify antibodies that could be tested preclinically in mouse models of cancer, we screened for antibodies that bound to human and mouse EGFL7 with comparable affinities and that also inhibited the adhesive and prosurvival activity of EGFL7 as determined using an in vitro cell-based assay. Two antibodies (designated as 18F7 and 10G9) that met all binding affinity and in vitro activity criteria ( Figure 1G and Supplemental Figure 2 ) were chosen to carry out further studies described hereafter. Using a process called humanization, one of the antibodies (18F7) was reformatted into the human IgG1 backbone to enable eventual testing in cancer patients, and we confirmed that the binding affinity and in vitro activities of 18F7 were preserved after humanization (Supplemental Figure 3) .
Anti-EGFL7 enhances anti-VEGF activity as assessed by tumor microvascular density in the RIP-TβAg GEMM. The in vitro activities of EGFL7 protein and its antibodies predict that anti-EGFL7 may enhance
Figure 2
Anti-EGFL7 enhances the activity of anti-VEGF in the RIPTβAg insulinoma model. (A) Representative IF-stained photomicrographs of EGFL7 (red) and the vascular EC membrane marker MECA32 (green) expression in wild-type mouse pancreas (left panel) and in angiogenic islets (middle panel) and invasive carcinomas (right panel) from RIP-TβAg transgenic mice. EGFL7 is present in the perivascular matrix of a subset of blood vessels in normal pancreata and angiogenic islets and in the majority of tumor vessels. (B) Quantitative analysis of microvascular densities in invasive carcinomas after 2 weeks of treatment with IgG2a control anti-ragweed antibody, anti-VEGF (V) (B20-4.1.1), anti-EGFL7 (E) (h18F7), or the combination (VE). All antibodies were dosed via i.p. injection 1 time per week on days 1 and 8. The total number of individual lesions analyzed is indicated below each cohort and originated from 3-5 animals per group, with 1 to 16 tumors per animal. Each dot represents vascular area/tumor area, with mean values ± 95% CI shown. P values were calculated using a mixed-effects model, with the anti-VEGF group serving as the comparator for all other cohorts. *P < 0.05; **P < 0.005; ***P < 0.0005. Please see the Supplemental Methods for additional details. Please note that some or all of the mice from the C, V, and VE (E at 1.5 and 10 mpk) cohorts were used to used to generate additional data presented in Figure 7F and Supplemental Figure 7E .
the AA effect of VEGF blockade. Because anti-VEGF therapy is used to treat multiple, diverse types of cancer in the clinic, we utilized a variety of preclinical tumor models to test this hypothesis. We chose models that are noticeably, but not completely, inhibited by anti-VEGF treatment in order to demonstrate improvement of anti-VEGF efficacy in several different settings. Furthermore, since anti-VEGF activity appears to be independent of tumor cell genotypes (18) , we chose models with differing oncogenic drivers to evaluate whether this new therapy could be broadly applicable. Finally, since our goal was to demonstrate mechanism-driven enhancement of anti-VEGF activity, we administered anti-VEGF at an individually tailored dose and schedule that was predetermined to induce maximal tumor growth inhibition in each model. First, we wanted to determine whether anti-EGFL7 could enhance the antitumor angiogenesis activity of anti-VEGF. To this end, we utilized a transgenic model of insulinoma driven by ectopic expression of large-T antigen in the β cells of pancreatic islets, termed RIP-TβAg (19) . We chose this model because of its well-established angiogenesis attributes and narrow distribution of vascular densities. Importantly, the vascular response to anti-VEGF is homogeneous across individual tumors, thereby enabling a more robust evaluation of tumor microvascular density (MVD) changes relative to other models (20, 21) . We first established that EGFL7 is abundantly expressed in tumor vessels in this model ( Figure 2A ). We then treated RIP-TβAg transgenic tumor-bearing mice at the age of 11-12 weeks with control antibody, anti-VEGF (B20-4.1.1) (15), or anti-VEGF in combination with the humanized anti-EGFL7 18F7 (h18F7) at a range of concentrations. After 14 days on treatment, pancreases were harvested and insulinomas characterized for their MVD via immunohistochemistry. Multiple invasive carcinomas from each animal were analyzed for vascular density. Anti-VEGF antibody alone significantly reduced MVD, and combination with anti-EGFL7 (h18F7) further decreased MVD ( Figure 2B ), indicating that blocking EGFL7 function does indeed enhance the effect of VEGF inhibition. The activity of anti-EGFL7 (h18F7) was evident at the lowest tested dose, although higher doses trended toward further reduction of MVD ( Figure 2B) . The differences between all tested doses were not significant. In separate studies, we found that anti-EGFL7 (h18F7) treatment alone did not consistently and significantly reduce tumor MVD in this model (data not shown), indicating that the combination activity reflects the ability of anti-EGFL7 to enhance the efficacy of anti-VEGF. The in vivo data described above suggest that anti-EGFL7 and anti-VEGF may function together effectively to cause tumor vessel damage. We sought to evaluate tumor EC apoptosis using conventional histology methods, including TUNEL, H2AX, and cleaved caspase staining, but were unable to detect significant numbers of apoptotic ECs even in tumors with appreciable MVD reduction, presumably due to rapid removal of apoptotic ECs from the endothelium. To overcome this technical hurdle, we utilized transmission electron microscopy (TEM) to carefully examine tumor vessels in the RIP-TβAg insulinomas treated with control antibody, anti-EGFL7 (h18F7), anti-VEGF, or the combination. We found that tumor vessels treated with anti-EGFL7 (h18F7) were frequently associated with fibrin clots (Figure 3 , B and E), possibly indicating subphenotypic damage that was not sufficient to cause MVD reduction. In some tumors, EC damage was evident as indicated by distension of rough endoplasmic reticulum (RER) cisterns and/or the nuclear envelope ( Figure 3 , B and F), which may represent evidence of necrosis. In addition, we observed ECs with early signs of apoptosis -exceptionally dense nucleoplasm and cytoplasm ( Figure 3, D and F) . The frequency of blood vessels containing ECs with evidence of apoptosis or necrosis was significantly higher in the combination treatment group than in the control group and Anti-EGFL7 (m18F7) was administered at 1 mpk and anti-VEGF (B20-4.1.1) at 5 mpk; both were dosed i.p., 1 time per week. Tissues were analyzed 14 days after treatment initiation. Blood vessels in the anti-EGFL7-treated groups were often associated with fibrin clots, and many ECs showed damage in the form of distension of the RER cisterns (arrows in B) and/or the nuclear envelope, which are signs of necrosis. In all treatment groups, some ECs showed early signs of apoptosis including unusually condensed cytoplasm and nucleoplasm (arrowhead in D). ECs with evidence of apoptosis and/or necrosis were more frequently found in the combination treatment group than the control group. Tu, tumor cell; lumen, vessel lumen. Scale bars: 2 μm (A-C), 10 μm (D). (E) Fibrin clot-associated vessels were counted and normalized to total vessels. C, control. (F) Vessels containing ECs with evidence of apoptosis or necrosis were counted and normalized to total vessels. Dots in E and F represent individual tumors; 1-2 tumors/animal and 2-3 animals/group were analyzed. If multiple fields of view were analyzed from a single tumor, the mean value was calculated to represent the designated tumor. The mean ± SEM is depicted. P values were calculated by unpaired, 2-tailed Student's t test. *P < 0.05. trended toward being higher than the anti-VEGF-treated group (P = 0.0505), supporting our hypothesis that anti-EGFL7 and anti-VEGF function together to cause damage to tumor endothelium.
Combination of anti-EGFL7 and anti-VEGF inhibits tumor growth in a non-small cell lung cancer xenograft model. The AA activity described above suggests that the combination of anti-EGFL7 and anti-VEGF may suppress tumor growth. To test this hypothesis, we treated mice harboring established xenografted tumors derived from the non-small cell lung cancer (NSCLC) cell line H1299 with control antibody, anti-VEGF (B20-4.1), anti-EGFL7 (murine 18F7, m18F7), or the combination of anti-VEGF and anti-EGFL7. While single-agent anti-VEGF and anti-EGFL7 did not significantly alter growth of the xenografted H1299 tumors, the combination of both agents resulted in significant tumor growth suppression ( Figure 4 , A and B) and prolongation of time on study ( Figure 4C ), indicating that anti-EGFL7 and anti-VEGF can function together to suppress tumor growth. Interestingly, a dose escalation study in this same model failed to differentiate among the doses examined, with combination antitumor activity saturating at the lowest anti-EGFL7 dose (0.2 mg/kg [mpk]) tested (Supplemental Figure 4) .
Anti-EGFL7 augments the activity of anti-VEGF in a dose-and durationdependent manner in an NSCLC GEMM.
We next examined the efficacy of anti-EGFL7 in combination with anti-VEGF in an autochthonous model of NSCLC, an indication for which bevacizumab is currently approved. We have previously validated and preclinically assessed a mutant Kras G12D ;p53 Frt/Frt -driven GEMM of NSCLC (15) . Given the significant short-and long-term efficacy that we observed with anti-VEGF (B20-4.1.1) (15, 21), we believed this model was ideally suited for testing the effects of anti-EGFL7 in combination with anti-VEGF in epithelial carcinomas. In addition, we found that EGFL7 expression is initially upregulated in early-stage atypical adenomatous hyperplasia (AAH), and remains upregulated in the tumor vasculature of both benign adenomas (Ad), and malignant adenocarcinomas (AdC) ( Figure 5A ) in this model.
Given the dose-response pattern observed in the RIP-TβAg model, we chose to examine a wide range of anti-EGFL7 (m18F7) doses in combination with the maximally efficacious dose regimen of anti-VEGF (B20-4.1.1) as determined previously (data not shown). Kras G12D ;p53 Frt/Frt tumor-bearing mice were treated long term starting at 16 weeks post induction (wpi) with control antibody, anti-VEGF, or anti-VEGF in combination with m18F7. Serial in vivo micro-CT (micro-CT) imaging was performed to monitor tumor growth rates over time and determine response rates as well as PFS. The combination of anti-VEGF with m18F7 at 1.0 mpk provided the most durable response as evaluated by the combined number of partial responses (PRs) and stable disease (StD) (see Methods) out to 6 weeks after the start of the study (Table 1 and Supplemental Figure 5 ). This provided a significant increase in both PFS (P = 0.0147; HR = 0.56, P = 0.0412) and overall survival (OS) (P = 0.0152; HR = 0.51, P = 0.0078) relative to anti-VEGF monotherapy ( Figure 5 , D and E).
We next wanted to assess whether short-term combination therapy was equivalent to continuous treatment as measured by these same study end points. Continuous anti-VEGF plus m18F7 (1.0 mpk) treatment provided significantly improved response rates (P = 3.91 × 10 -5 ), PFS (P = 0.0011; HR = 0.28, P = 8.08 × 10 -6 ), and OS (P = 0.0003; HR = 0.28, P = 8.74 × 10 -6 ) relative to treatment that was discontinued after 2 weeks (Table 2, Figure 6 , and Supplemental Figure 6 ).
CPCs are a circulating biomarker of anti-EGFL7 activity. These efficacy studies underscore the importance of selecting the right
Figure 4
Combination of anti-EGFL7 plus anti-VEGF inhibits the growth of xenografted H1299 NSCLC tumors. (A) Four groups of mice (10 each) were treated with the indicated antibodies. Individual tumor growth curves from mice harboring established tumors and dosed i.p. with control anti-ragweed (10 mpk, 1 time per week), anti-EGFL7 m18F7 (10 mpk, 2 times per week), anti-VEGF B20-4.1 (10 mpk, 1 time per week), or the combination of m18F7 plus B20-4.1. All treatments were dosed until tumors reached 1000 mm 3 , and the study was terminated on day 86. Tumors that reached end point before day 86 were continuously plotted at the end point volume of 1000 mm 3 (black dots at the top). (B) Due to variable growth patterns, tumor growth was compared across treatments using an AUC measurement between days 0 and 86. Smaller AUC values represent slower growth. Tumors treated with combination therapy grew significantly more slowly than tumors in all other treatment cohorts, whereas tumors treated with either anti-EGFL7 or anti-VEGF monotherapy grew at a rate comparable to that of control. (C) The number of days each animal stayed on the study is another parameter reflecting tumor growth rates, as animals were taken off the study when their tumors reached 1000 mm 3 . Animals treated with the combination therapy stayed on study significantly longer than all other groups. The mean ± SEM is depicted. P values were calculated by unpaired, 2-tailed Student's t test. *P < 0.05. dose for evaluating clinical efficacy. Therefore, we searched for a PD marker that would allow us to assess drug activity in cancer patients. Gene expression profiling of RNA from peripheral blood cells identified CD34 + cells as particularly high expressers of Egfl7 transcript (Supplemental Figure 7A) . PBMCs derived from patients with acute myeloid leukemia exhibited the highest levels of Egfl7 transcript, presumably due to the high prevalence of peripheral CD34 + cells in this tumor type. To further characterize the CD34 + cells expressing Egfl7, FACS studies were conducted in peripheral blood from healthy donors. In circulation, CD34 + cells exist as 2 distinct populations: CD34 hi CD31 dim CD45 dim cells or CD34 + CD31 + CD45 dim cells ( Figure 7A ). These cell populations were sorted from healthy donor PBMCs, and Egfl7 transcript expression was evaluated by quantitative RT-PCR (qRT-PCR). Egfl7 transcripts were predominantly expressed in the CD34 hi CD31 dim CD45 dim cell type ( Figure 7B ). These cells also expressed markers of progenitor cells, including CD133, CD117 and Aldha1 (Supplemental Figure 7B) ; hence, we termed these cells CPCs. The second population of CD34 + CD31 + CD45 dim cells expressed Vegf as well as classical markers of ECs including Vegf receptors, vWF, and Itgb3 among others (Supplemental Figure 7B) , hence we classified these as circulating ECs (CECs).
To determine whether CPCs have the ability to differentiate into ECs, we purified these cells from healthy donor PBMCs and cultured them in Endocult Medium (StemCell Technologies) on fibronectin-coated tissue culture plates. After 7-21 days in culture, immunofluorescence staining and FACS analyses were performed to evaluate surface expression of EC markers. Expression of EC markers including VEGFR2, CD105, and CD31 was observed in a distinct population of differentiated cells ( Figure 7C and Supplemental Figure 7C ). Importantly, expression of these markers was not detected in freshly isolated CPCs (data not shown), indicating that CPCs can differentiate into ECs. We next assessed the effect of EGFL7 on CPCs. CPCs were plated on fibronectin-or EGFL7-coated plates and cell numbers evaluated after 48 hours. Culture on EGFL7-coated plates resulted in significantly increased numbers of viable cells; this effect of EGFL7 was reversed by the addition of anti-EGFL7 ( Figure 7D ).
Given the preferential expression of Egfl7 in CPCs, we next determined whether inhibition of EGFL7 in vivo alters the enumeration of these cells, thus constituting a potential circulating PD biomarker of anti-EGFL7 activity. To address this question, we evaluated the effect of anti-EGFL7 on CPCs in 2 preclinical models: the RIP-TβAg GEMM and the MDA-MB231 breast cancer xenograft model, where treatment with anti-EGFL7 (h18F7) in combination with murine anti-VEGF resulted in enhanced tumor growth inhibition compared with anti-VEGF alone (data not shown). In both instances, m18F7 and/or h18F7 was dosed for 2 weeks, after which FACS analysis was performed for enumeration of both CPCs and CECs. Similar to human peripheral blood, tumor-bearing animals exhibited both the CEC and CPC populations (Supplemental Figure 7D) . Treatment with anti-EGFL7 resulted in a reduction in the number of CPCs compared with the control IgG and anti-VEGF groups in both models tested ( Figure 7 , E and F), occurring even at low doses of anti-EGFL7 in combination with anti-VEGF (Supplemental Figure 7E) . Additionally, this effect was limited to CPCs, as CEC enumeration remained unaltered (data not shown).
Based on the preclinical observations, we included CPC evaluation as a potential PD biomarker of target inhibition in the phase I clinical study examining the humanized anti-EGFL7 antibody (h18F7, also called MEGF0444A). A phase Ia dose-escalation study examined single-agent h18F7 administered i.v. once every 3 weeks (q3wk). A second, phase Ib, study consisted of 2 arms: arm A examined escalating doses of h18F7 with a fixed dose of 10 mpk bevacizumab administered every 2 weeks (q2wk); arm B was similar to arm A except with the addition of paclitaxel (90 mg/m 2 every week, qwk) (Supplemental Figure 8) . These studies were designed to assess the safety and pharmacokinetic (PK) properties of h18F7 as a single agent as well as in combination with bevacizumab and chemotherapy. Blood collections were performed at various early and late time points after administration of the first dose of drug for the enumeration of CPCs (see Supplemental Figure 8 ). Biomarker evaluation was not performed in the paclitaxel-containing arm of the phase Ib trial, as paclitaxel is known to mobilize peripheral blood progenitor cells (22) , thus confounding the measurement of the effect of anti-EGFL7.
Prior to implementing the real-time assay in the clinic, assay characterizations were performed in whole blood from healthy donors to assess the intrasubject biological variability of the assay through the course of a 4-week period (Supplemental Figure 9A) . In addition, each patient included in the phase I trials provided a double-baseline blood draw (approximately 1 week apart), which was used to estimate inherent biological variability within each patient (Supplemental Figure 9B) . These data from healthy donors and the phase I population showed approximately 10% biological variability in the assay. A 30% deviation from the predose time point was thus considered a significant change, as it reflects a change in CPCs that is approximately 3 SDs away from the inherent biological variability. The prevalence of CPCs in humans is approximately 200-1000 cells/ml, and greater biological variability was observed in donors whose baseline levels were lower than 400 cells/ml. Thus, we applied a baseline threshold of 400 cells/ml for the analysis of patients in the phase I studies. Using these criteria, a reduction in CPCs was observed in the single-agent phase Ia study, in which approximately 50% of the patients in the 1 and 3 mpk cohorts showed a delayed and transient 30%-60% reduction in CPCs compared with their predose values ( Figure 8A ). In arm A of the phase Ib study, a dosedependent change was observed: in the 5 mpk cohort, 4 of the 6 patients evaluated (67%) showed a 40%-60% reduction in CPCs, which was sustained through at least the first 2 cycles of dosing ( Figure 8 , B and C). We did not observe a correlation between either baseline CPC numbers or changes in CPCs and tumor volume changes measured by response evaluation criteria in solid tumors (RECIST) (data not shown).
Discussion
In the past decade, VEGF inhibitors have provided well-recognized clinical benefits to patients suffering from a number of solid cancers. The impetus to improve the efficacy of these agents has resulted in a better understanding of how VEGF inhibitors function. One important finding is that prolonged usage of the anti-VEGF antibody bevacizumab, either as a single agent or in combination with chemotherapy, resulted in greater benefit relative to shorter-term treatment (16, 23, 24) . To maximally harness the potential of longterm VEGF inhibition as well as minimize side effects, we searched for targeted agents that could enhance anti-VEGF activity and identified anti-EGFL7 as one potential candidate. Figure 5 and Methods). The mice were dosed i.p. 2 times per week with control anti-ragweed IgG2a (5 mpk + 1.0 mpk), anti-VEGF (B20-4.1.1; 5 mpk), or a combination of anti-VEGF (5 mpk) plus anti-EGFL7 (m18F7) at 0.1, 1.0, or 25 mpk (see Figure 5 ). The VE (5 + 1.0 mpk) combination treatment cohort provided the most durable antitumor response rate. Quantitation of tumor burden response rates at approximately 2, 4, and 6 weeks after the start of the study. Response rates were calculated and presented as previously defined (see Table 1 , Supplemental Figure 6 , and Methods). All mice were dosed i.p. with anti-VEGF (B20-4.1.1; 5 mpk) + anti-EGFL7 (m18F7; 1.0 mpk). VE = 2×/wk until the end of study; V2E2 = 2×/wk for 2 weeks only and then discontinued. The VE treatment cohort resulted in a significant change in response rates relative to V2E2 at the 6-week treatment interval. A P = 3.91 × 10 -5 .
Historically, several factors may have contributed to the low approval rate for novel oncology drugs. One is the predominant reliance on preclinical systems that fail to adequately mimic the tumor or its microenvironment: xenografts of human cancer cell lines or tumor explants in immunodeficient mice have been the primary in vivo model systems employed to interrogate therapeutic responsiveness (25, 26) , despite their inability to reliably reflect observed human patient responses and predict overall outcomes (27, 28) . A second factor affecting clinical trial success rates is the incorporation of biomarkers to inform patient selection and therapeutic activity, which has only become more routine over the past decade. Therefore, identification of more predictive and of more prognostic preclinical models and biomarkers are 2 important unmet needs necessary for the development of more effective anticancer therapies. Over the past decade, the increased repertoire and application of GEMMs of cancer that more faithfully recapitulate many aspects of their corresponding human disease have resulted in a renewed enthusiasm that they might better inform not only target validity and drug efficacy, but also aid in identifying optimal dosing regimens and PD biomarkers. The importance of this as well as their validity have recently been demonstrated in studies that examined therapeutic responses in both a retrospective and a prospective manner (15, 29) . Moreover, GEMMs have been newly leveraged to conduct "coclinical" trials that are designed to mirror ongoing human clinical trials and identify predictive genetic and PD biomarkers that can be validated by interrogating patient samples collected from the concurrent human clinical trials (30) .
In light of the above, we sought to interrogate the effect of dual EGFL7 and VEGF inhibition in preclinical model systems that more faithfully reflect the autochthonous microenvironment in which both angiogenic factors exert their primary action. We examined the in vivo efficacy of combined anti-EGFL7 and anti-VEGF using GEMMs as well as traditional xenografts of human cancer cell lines in immunodeficient mice. We demonstrate that this combination markedly delayed tumor growth, resulting in significant improvements in both PFS (log-rank, P = 0.0147; HR = 0.56, P = 0.0412) and OS (log-rank, P = 0.0152; HR = 0.51, P = 0.0078) benefits relative to single-agent anti-VEGF in a GEMM of NSCLC. Importantly, the magnitude of these effects reflects that which is often observed clinically. In addition, we found that relatively low doses of anti-EGFL7 were sufficient for maximal efficacy when used in combination with anti-VEGF. Interestingly, this observed dosage effect was consistently revealed only in the autochthonous GEMMs and not in subcutaneous xenograft models, suggesting the importance of interrogating these agents in their innate microenvironment.
We also evaluated the dose-drug activity relationship in the phase Ia and phase Ib clinical trials evaluating anti-EGFL7. We identified and developed a surrogate PD biomarker using a population of CD34 + CPCs that responded to anti-EGFL7 treatment in preclinical models. While the ex vivo functional studies conducted suggest that these cells are capable of differentiating into ECs and exhibit gene expression profiles similar to progenitor cells, it is presently unclear whether these CPCs are hematopoietic progenitor cells. Gratifyingly, the PD response to anti-EGFL7 in human patients showed a remarkably similar dose dependency to that observed in GEMMs.
h18F7 in combination with bevacizumab does not exacerbate the safety profile of bevacizumab administered either as a doublet or in combination with chemotherapy (31) . Hence, we were unable to identify a maximal tolerated dose (MTD) for this drug in combination with bevacizumab. Importantly, the phase I studies examining anti-EGFL7, both alone and in combination with bevacizumab, did not show signs of thrombocytopenia, neutropenia, or anemia, with some patients being on therapy for over 1 year (31) . However, the phase II studies will be more informative for assessing the long-term safety profile. Based on the efficacy profile of anti-EGFL7 in preclinical models, single-agent clinical activity was not expected. With respect to clinical responses in the phase Ib combination study, 1 ovarian cancer patient demonstrated a RECIST grade PR at the 2 mpk level of arm B, 5 patients demonstrated PRs at the 5 mpk dose level in both arm A and B, and 1 head and neck cancer patient demonstrated a PR at the 10 mpk cohort of arm A (31). Since h18F7 was administered in combination with bevacizumab and chemotherapy, attributing these responses to the combination or the single agents is challenging. Given that PD biomarker modulation was observed in 67% of the patients at the 5 mpk, q2wk dose and clinical activity as measured by RECIST response criteria was observed at this dose, we chose 5 mpk, q2wk, or 7.5 mpk, q3wk, as the recommended phase II dose for h18F7 in combination with bevacizumab. The PK properties of h18F7 are consistent with typical IgG1 demonstrating linear PK with a terminal half-life of approximately 15 days (32), and PK modeling indicates that the doses at which PD activity was observed in humans had comparable exposures to the optimally efficacious doses in the GEMMs.
Figure 6
Superior efficacy observed with long-term anti-VEGF plus anti-EGFL7 treatment in the Kras G12D ;p53 Frt/Frt NSCLC GEMM. (A and B) Kaplan-Meier plots depicting PFS (A) and OS (B) rates. The number of mice per cohort is listed in parentheses. Median survival (in weeks) and HRs relative to V2E2 are shown. The VE treatment cohort provided significantly improved PFS and OS rates relative to V2E2, as determined by both log-rank and Cox-proportional hazard analyses. **P < 0.005; ***P < 0.0005. For A and B, all antibodies were dosed i.p. with anti-VEGF (B20-4.1.1; 5 mpk) plus anti-EGFL7 (m18F7; 1.0 mpk). VE = 2 times per week until the end of the study; V2E2 = 2 times per week for 2 weeks only and then discontinued. The VE cohort is the same as shown in Figure 5 , D and E.
Historically, most marketed oncology drugs are dosed at their MTD, despite a clear lack of sufficient clinical evidence demonstrating activity equivalence to maximal efficacious dose (MED). Here, we integrated GEMMs and a clinical PD biomarker in cancer patients to inform a large molecule drug development program. This approach revealed clear dose-dependent activities of a novel antiangiogenic agent, anti-EGFL7, both preclinically and clinically, thereby underscoring the utility of GEMMs and biomarkers in guiding clinical trial design, including dose selection. Importantly, this study offers a potential novel therapeutic agent, anti-EGFL7, to treat solid tumors and provides a promising alternative for cancer patients.
Methods
Antibodies and proteins. Recombinant EGFL7 proteins and anti-EGFL7 antibodies were generated as previously described (10) . Antibody characterization and reformatting is described in the Supplemental Methods.
HUVEC caspase-3 and caspase-7 assays. Wells of Maxisorb 96-well plates (#456537; Nunc) were coated overnight with the following: carbonate buffer (pH 9.6), 0.1 mg/ml poly-lysine (P4707; Sigma-Aldrich) 2 μg/ml fibronectin (#11051407001; Roche), 5 μg/ml osteopontin (14433-PO; R&D Systems), 5 μg/ml EGFL7 (Genentech; ref. 10), or fibronectin plus EGFL7 in carbonate coating buffer (pH 9.6). After 1 PBS wash, 20,000 HUVEC (Lonza) per well was added in EGM-2 medium (Lonza) and cells were left to adhere for 4 hours in the tissue culture incubator. Medium was then replaced with either fresh EGM-2, EGM-2 with 400 μM deferoxamine mesylate salt (DFX) (D9533; Sigma-Aldrich), EGM-2 with 200 μM cobalt chloride (CoCl2) (#C2644; Sigma-Aldrich), or EGM-2 (Lonza) with and without 10 μg/ml anti-EGFL7 antibody (GNE). Cells were cultured under these conditions overnight. Cleaved caspase-3 and caspase-7 activity was assayed using the Caspase-Glo 3/7 Assay Kit (# G8091; Promega), and cell numbers in each well were measured using CyQuant (C7026; Molecular Probes) according to the manufacturer's instructions. In experiments with CoCl2, cell numbers were not measured at study end point due to color interference by CoCl2. In all other experiments, the levels of apoptosis were expressed as the ratio of caspase-3 and caspase-7 activity versus cell number. Each experiment was repeated at least 3 times, and results were similar. Representative experiments are presented in Figure 1 .
Figure 7
CPCs express EGFL7 and serve as a biomarker of anti-EGFL7 activity. (A) FACS-based expression of CD34 and CD31 was assessed in CD45 dim cell population from human peripheral blood. Two distinct clusters of CEC (green) and CPC populations (blue) are shown. (B) Peripheral blood CECs, CPCs, and CD45 + cells were sorted from 3 donors and evaluated for EGFL7 transcripts. The mean ± SEM is depicted. (C) CPCs (2 × 10 5 /well) were allowed to differentiate on fibronectin-coated plates for 21 days. Cells were fixed and incubated with anti-CD31 or isotype control and cell nuclei stained with DAPI. Original magnification, ×40. (D) CPCs were plated in quadruplicate on either fibronectin-or EGFL7-coated plates (3 × 10 4 /well). Cells were then treated with either control IgG or h18F7 and proliferation assessed by counting the number of DAPI + cells 48 hours later. The mean ± SD is depicted (n = 4 biological replicates). *P < 0.05; ***P < 0.0001. (E) Mice bearing MDA-MB231 xenografted tumors were treated with control anti-ragweed plus anti-gD, anti-VEGF plus control anti-gD, or control anti-ragweed plus anti-EGFL7 (mu; m18F7). Antibodies were dosed i.p. either 2 times per week (anti-ragweed and anti-VEGF) or 1 time per week (anti-gD and anti-EGFL7). (F) RIP-TβAg mice were treated with control anti-ragweed plus anti-gD, anti-VEGF, anti-EGFL7 (hu; h18F7), or anti-EGFL7 (mu; m18F7). Antibodies were dosed i.p., 1 time per week on days 1 and 8. (E and F) Whole blood was collected on day 19 (E) or 15 (F) for CPC enumeration. The mean ± SEM is depicted.
ruffled fur, belabored breathing, low body temperature, lack of mobility, and/or a greater than 20% body weight loss from the time of the start of the study.
Preclinical trial endpoints for Kras G12D ;p53 Frt/Frt NSCLC GEMM. We measured PFS and OS as previously reported (15) . To account for the rapid growth of mouse tumors, we defined disease progression as a doubling in tumor burden and used that criterion to build PFS Kaplan-Meier curves. Tumor burden responses were determined at 2, 4, and 6 weeks after first treatment dose, all relative to the initial baseline micro-CT result, and were classified as follows: PR if there was a greater than 30% reduction; StD if the change was between -30% and 100%; progressive disease (PD) if there was a greater than 100% increase. Since very few PRs were observed, the number of PRs and StDs were pooled; the final PD percentage represents pooled numbers of PD and deaths.
Statistical analyses for Kras G12D ; p53 Frt/Frt NSCLC GEMM. In Figures 5 and 6 showing Kaplan-Meier survival curve estimates, a Cox proportional hazards model was fit to the data in the R statistical language using the "survival" library as previously described (15) . Briefly, study baseline tumor burden (logarithmically scaled, with 1 added to each scan's value to specify a baseline of 0 on the logarithmic scale), sex, and treatment group were included for each mouse as explanatory factors. The endpoint for mice was survival time (OS) or the minimum of survival and time to doubling in tumor size (PFS). We defined "time to progression" as the first time that a scan yielded a value double the value of the smallest scan recorded regardless of when that value was recorded. Ties in event times were resolved with Efron's approximation. All P values reported for hazard ratios (HRs) are 2 sided, and test the null hypothesis that the HR is 1 between the 2 groups specified; a P value of less than 0.05 related to the HR test indicated the HR between the 2 specified groups was significantly different. The Benjamini-Hochberg procedure (33) was applied to adjust the P values from the multiple comparisons.
The imaging plots in Supplemental Figure 5A and Supplemental Figure 6A show the tumor burdens versus time in study for control and select treatment cohorts over a period of 6 weeks. Each line represents the tumor burden for 1 animal, and the solid lines are the fitted lines from a linear mixed effect model (34) , implemented with the "nlme" package in R (35) . The linear mixed effect model had the fixed effect of treatment and a random intercept for each animal. The growth rate in tumor burden for each treatment was estimated as the slope of the longitudinal growth curve. Pair-wise differences in slopes across groups were evaluated by the contrasted slope estimates. The Tukey-Kramer method (36) was applied to correct for the multiple tests performed using the "multcomp" package in R. Fisher's exact test (37) was applied for response rate analyses in Tables 1  and 2 as well as Supplemental Figure 5B and Supplemental Figure 6B .
Flow cytometry for evaluation of CD34 + cells in murine whole blood. Blood was collected into EDTA tubes via cardiac puncture on day 19 (MDA-MB231) or day 14 (RIP-TβAg) and analyzed for circulating CD34 + cells using a Lyse No Wash flow cytometry assay protocol. Specifically, 100 μl of blood was stained in TruCount tubes for 30 minutes with the following panel: Syto16 (Invitrogen), CD31-PE (BD Biosciences), CD34-Alexa Fluor 647 (BD Biosciences), and CD45-PerCP-Cy5.5 (BD Biosciences). The stained blood was lysed/fixed for 10 minutes with 500 μl BD FACSLyse, 500 μl PBS was added to the sample, and the stained cells were acquired on the BD FACSCanto cytometer. Data were analyzed on FACSDiva, and absolute cell counts were determined using the TruCount quantitation method. CD45 dim CD31 dim CD34 hi cells were classified as CPCs and CD45 dim CD31 + CD34 + cells were classified as CECs.
A series of analyses were performed to determine the relationship between baseline CPC counts and our ability to measure significant changes. We found that average baseline CPC counts below 400 cells/ml seriously compromised our ability to determine treatment effect. ThereGEMMs. The RIP-TβAg and Kras G12D ; p53 Frt/Frt NSCLC GEMMs were generated as previously described (15, 21) and maintained on a C57BL/6J-Tyr strain background. RIP-TβAg mice were provided a highsugar diet as well as 10% sucrose in their drinking water to alleviate tumor-associated hyperinsulinemia.
Animal treatment regimens and monitoring. Anti-VEGF antibodies (B20-4.1 or B20-4.1.1; both are mouse IgG2a), anti-EGFL7 antibodies (m18F7, mouse IgG2b; h18F7, human IgG1), and control antibodies (anti-ragweed, mouse IgG2a; anti-gD, human IgG1) were prepared and purified at Genentech Inc. All antibody lots were quality controlled to ensure low endotoxin levels; routine levels run at approximately 0.01 endotoxin units (EU)/mg, with a maximum cutoff of less than 0.5 EU/mg. All chosen dosing regimens were well tolerated.
RIP-TβAg transgenic tumor-bearing mice at 11-12 weeks of age were randomized into various treatment groups. All antibodies were dosed via i.p. injection once weekly for 2 weeks on days 1 and 8. Control group received anti-ragweed (murine IgG2a) at 5 mpk + anti-gD (human IgG1) at 10 mpk; anti-VEGF group received B20-4.1.1 (murine IgG2a) at 5 mpk; anti-EGFL7 received m18F7 (murine IgG2b) at 10 mpk; anti-EGFL7 received h18F7 (human IgG1) at 10 mpk; combination groups received anti-VEGF (B20-4.1.1) at 5 mpk + anti-EGFL7 (h18F7) at 0.3, 1.5, 10, or 50 mpk. Histological analysis and tumor MVD quantification of tumors from the RIP-TβAg transgenic mice are described in the Supplemental Methods.
Kras G12D ;p53 Frt/Frt mice were infected at 7-9 weeks of age with 5 × 10 6 infectious units of Adeno-FLPe/IRES/CRE as previously described (15) . Mice were imaged at 16 weeks after infection via x-ray micro-CT (15, 21) . The calculated tumor burden, body weight, and sex were used to randomize mice into treatment cohorts. Antibodies were dosed via i.p. injection twice weekly until the end of the study for long-term survival studies. Control group received anti-ragweed at 5 mpk plus anti-ragweed at 1.0 mpk; anti-VEGF group received B20-4.1.1 at 5 mpk; anti-EGFL7 group received murine MAb 18F7 (m18F7) at 1 mpk; combination groups received B20-4.1.1 at 5 mpk + m18F7 at 0.1, 1.0, or 25 mpk. Animals received serial micro-CT scans at 4 weeks or 2, 4, and 6 weeks after the start of the study (Tables 1 and 2 3 (H1299) were grouped into treatment cohorts of 5-12 mice each, respectively. Treatment groups included anti-ragweed control, murine anti-VEGF antibodies (B20-4.1 or B20-4.1.1), or anti-EGFL7 antibodies (m18F7 or h18F7) administered i.p. in PBS; doses and regimens are indicated in figure legends. For the PD studies, whole blood was collected via cardiac puncture and stored on ice for FACS analysis.
All animals were dosed and monitored according to guidelines from the Institutional Animal Care and Use Committee (IACUC) at Genentech Inc. Accordingly, animals were monitored daily and body weights measured at least twice weekly. For the xenograft studies, tumors and body weights were measured twice weekly, and mice were taken off the study when their tumors reached 1000 mm 3 (H1299 model). Animals were censored for survival based either on mortality or predetermined morbidity criteria for euthanasia (in consultation with the veterinary staff), which included hunching,
